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Abstract. Vicinal surfaces with periodic arrays of steps are among the simplest
lateral nanostructures. In particular, noble metal surfaces vicinal to the (1 1 1)
plane are excellent test systems to explore the basic electronic properties in one-
dimensional superlattices by means of angular photoemission. These surfaces
are characterized by strong emissions from free-electron-like surface states
that scatter at step edges. Thereby, the two-dimensional surface state displays
superlattice band folding and, depending on the step lattice constant d, it splits
into one-dimensional quantum well levels. Here we use high-resolution, angle-
resolved photoemission to analyse surface states in a variety of samples, in trying
to illustrate the changes in surface state bands as a function of d.
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1. Introduction
Surface states of (1 1 1) noble metal surfaces scatter strongly at adatoms, molecules and defects,
leading to electron interference phenomena in the surface plane [1]. Surface electron scattering
is also noticeable at domain boundaries [2] or monatomic step edges [3]. Steps are particularly
attractive for tailoring surface states, since one can easily obtain one-dimensional (1D) patterns
with spacings of a few nanometres using vicinal surfaces. These are simply produced by cutting
the crystal a few degrees away from the [1 1 1] direction. Although a variety of structures and
patterns can be obtained depending on the crystal and the miscut plane and angle (or tilt α), the
simplest and most characteristic case is the one schematized in figures 1(a) and (b). Tilting the
(1 1 1) surface in the plane perpendicular to the [1 1̄ 0] direction usually leads to a 1D array of
equally spaced, monatomic, parallel steps of height h, separated by (1 1 1)-oriented terraces of
width w = d cos α = h/ tan α. Consequently, macroscopic changes in α, e.g. between 15◦ and
1◦, give rise to 1D superlattices, with nanoscopic lattice constant d between ∼10 and ∼100 Å,
respectively.
In the past few years, a number of works have been devoted to the study of surface states in
step arrays of Au and Cu surfaces vicinal to the (1 1 1) plane using angle-resolved photoemission
spectroscopy (ARPES) [4]–[13] and scanning tunnelling microscopy (STM) [14, 15]. Probably
the most interesting observation concerns the change in the dimensionality of the surface state
as one varies the superlattice constant d of the step array, as schematically depicted in figure 1.
For relatively small d, surface states display electron propagation across the steps, and hence
2D behaviour [4, 5, 7, 8]. In contrast, step arrays with large d lead to weakly dispersing bands,
i.e. to strong electron confinement within terraces and quasi-1D quantum levels [6, 9, 10, 12]. In
reality, the 1D or 2D nature appears unambiguously defined in surfaces with very large or very
small d values, respectively. A less clear behaviour is found for intermediate d values [4, 5],
[11]–[14]. A number of different explanations have been given to explain this 1D–2D transition,
and all of them lead to similar critical values around dc ∼ 20 Å for both Au(1 1 1) and Cu(1 1 1)
vicinal surfaces. They include the finite coherence length of the surface state [4], the Fermi
wavelength of surface electrons [13] and the onset of overlap with bulk states [4, 5, 7]. The latter
is a consequence of the progressive formation of a surface resonance as the projected bulk band
gap around the Fermi energy closes [11]. Such surface-state/resonance transition is consistent
with STM spectroscopy [14], which nicely reveals the coexistence of mixed 1D–2D components
below the Fermi energy in 20–40 Å terraces, as well as with recent theoretical calculations [16].
Here we provide a further insight on surface states of Cu(1 1 1) andAu(1 1 1) vicinal surfaces.
First, in section 2 we analyse two extreme cases, i.e. 2D surface states in Cu(3 3 5) with small
d = 8.6 Å and 1D quantum levels in Au(23 23 21) with large d = 56 Å. Later in section 3, we
investigate vicinal surfaces with intermediate d values: Au(8 8 7) (d = 39 Å) and Cu(10 10 11)
(d = 43 Å). For Au(8 8 7) one can qualitatively observe the 1D–2D transition, with dispersing
bands but relatively large step-potential gaps. The quantitative analysis of the data for the whole
set of surfaces is also consistent with a sharp increase in the strength of the confining potential
at the step edge at about 40 Å terrace width.
2. 1D versus 2D surface states
The analysis of the complex surface electronic structure of vicinal surfaces requires angle-
resolved photoemission combined with synchrotron radiation, thereby providing a thorough
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Figure 1. Side view of step arrays of lattice constant d on a vicinal surface of
miscut α. (a) For relatively large d, surface electrons get confined within 1D
quantum wells (QWs; terraces), whereas (b) for small d, electrons propagate
across the step superlattice. The schematic description of the wave function in
each case includes the damping tail inside the bulk, which defines a distinct
symmetry axis (blue straight line) with respect to the crystal.
description of electron states in the 3D reciprocal space [11]. This includes measuring band
dispersion in the direction perpendicular to the steps and analysing the photon-energy dependence
of surface bands. Figures 2–6 show the results for Cu(3 3 5) (small d) and Au(23 23 21) (large d).
TheARPES experiments have been performed at the PGM beam line in the Synchrotron Radiation
Center (SRC) of the UW-Madison, using a hemispherical Scienta SES200 spectrometer. The
whole analytical process allows one to obtain, beyond the spectrum of energy levels, the
qualitative description of the surface state wave function in both regimes, as depicted in
figure 1.
The 1D or 2D character is deduced from the surface band dispersion measured in the
direction perpendicular to the step array. In figures 2(a) and 3(a), we show the angle-resolved
energy distribution curve (EDC) spectra for Cu(3 3 5) and Au(23 23 21), respectively, which are
also shown as intensity plots in figures 2(b) and 3(b). Cu(3 3 5) is vicinal to Cu(1 1 1) with
α = 14.4◦ and d = 8.6 Å step lattice constant, and it is characterized by dispersing bands and
umklapp replica due to the step lattice. Therefore, in Cu(3 3 5) electron wave functions are 2D
extended states of the step array, as in figure 1(b). The umklapp bands reveal electron scattering
at step edges. In order to estimate the strength of the step barrier, one can conveniently fit the
surface band using a periodic 1D Kronig–Penney (KP) potential model [11]. The latter takes its
simplest form by assuming a periodic array of δ-function potentials with barrier strength U0b,
thereby leading to the following dispersion relation:





[ cos−1(|T | cos kxd) − φ]2, (1)
where E0 is the energy at the band bottom when d → ∞, i.e. for a terrace of infinite width and
kx refers to the wave-vector component parallel to the surface but perpendicular to the steps. |T |
is the modulus of the transmission coefficient across the step barrier and φ the phase. Both can
be expressed as
|T |2 = 1
1 + (q0/q)2
(2)
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Figure 2. Umklapp bands with 2π/d step lattice vectors in Cu(3 3 5). The angle-
resolved photoemission cascade of spectra in (a) are taken at an increasing
emission angle in the direction perpendicular to the step array. Panel (b) is the
photoemission intensity plot corresponding to the same data.
and
φ = −tan−1(q0/q), (3)
where q0 = (m∗/h̄2) · U0b and q =
√
(2m∗/h̄2)(E − E0). For Cu(3 3 5), surface bands cross the
Fermi energy, the step-potential gap cannot be observed, and a fit to the complete band is not
possible. Yet the barrier strength can be readily estimated from the experimental energy shift
E = E − E0 at the centre of the band with respect to that of the flat surface. From equation
(1), substituting the expressions for the transmission probability |T |2 and the phase φ, and making















where q0 is obtained from this fit and hence the potential barrier U0b. For Cu(1 1 1) we
measure E0 = EF − 430 meV (see figure 11) and m∗ = 0.41m0, whereas for Cu(3 3 5) we
find E0 = EF − 270 meV, and hence E = (160 ± 20) meV. From equation (4) we obtain
U0b = (1.6 ± 0.2) eV Å, i.e. a relatively small energy barrier that allows significant electron
tunnelling and terrace-to-terrace coupling.
Au(23 23 21) is the most clear example of QW states of terraces measured by ARPES. This
surface is vicinal to Au(1 1 1) with a 2.4◦ miscut and d = 56 Å step lattice constant. In the EDC
spectra in figure 3(a), we readily detect the presence of three weakly dispersing peaks below
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Figure 3. Quasi-1D QW levels of terraces in Au(23 23 21) clearly observed in
both the spectrum cascade (a) and the image plot (b). The second derivative in
(b) allows one to enhance peak features and minimize the parabolic background
from the data [9]. In the image plot, we can observe a tiny dispersion in all
quantum levels, which can be used to estimate the minimum barrier strength at
the step edge U0b ∼ 10 eV Å [9].
the Fermi energy at EF − 430 meV, EF − 270 meV and EF − 60 meV. However, we observe
a relatively strong parabolic background that obscures the QW peaks in the image plot on top of
figure 3(b). The background can be minimized by taking the second derivative of the intensity,
as shown in the corresponding image plot at the bottom of figure 3(b) [11]. The nature of this
dispersing background, which appears repeatedly in vicinal crystals in the QW regime, has been
explained recently as being due to the averaging effect on a surface with significant terrace width
distribution (TWD) broadening [13]. However, it can also be a signature of the complexity in
both the surface state wave function and the scattering at step edges, as proved by recent STM
and ARPES experiments. On the one hand, a distinct 2D surface state band is indeed detected
in tunnelling spectroscopy at the same energy of the 2D parabolic background of figure 3, even
for the largest terraces [14]. On the other hand, the background becomes weaker as the density
of surface steps decreases, as recently shown for stepped Cu(1 1 1) stripes [17].
The relative energy of the non-dispersing peaks of figure 3 with respect to the Au(1 1 1)
surface state (at EF − 490 meV) and their spectral broadening in the perpendicular direction of
the step array (kx) agrees with the three lowest energy levels of an infinite potential well of size
d = 56 Å [9, 10]. Nonetheless, a closer view of figure 3(b) reveals a weak dispersion along kx,
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Figure 4. Fermi surface rings in Cu(3 3 5) measured at different photon energies
using synchrotron light. The two sets of umklapp rings lie close to the surface
Brillouin zone edges and display a photon-energy-dependent intensity.
which can be a combined effect of the small transmission across the step edge barrier and the TWD
broadening [9]. Within the 1D KP model of equation (1), the total band width of QW levels in
figure 3(b) can be used to estimate the minimum size of the step barrier obtaining U0b = 10 eV Å
[9]. Thus, in Au(23 23 21) steps are significantly large potential barriers that confine electrons,
such that these become standing waves inside (1 1 1) terraces, like in figure 1(a).
The schematic description of the electron wave function for both 1D and 2D surface
states in figure 1 includes the evanescent part of the surface state, i.e. the exponential tail that
decays inside the bulk. It is particularly interesting to observe that this tail defines a distinct
symmetry of the wave function with respect to the [1 1 1] direction for 1D or 2D states. Such
symmetry can be investigated by tuning the photon energy with synchrotron radiation, as shown in
figures 4–6. Figures 4 and 5 display the photon energy dependent Fermi surfaces (FS) for
Cu(3 3 5) and Au(23 23 21). kx and ky respectively refer to the perpendicular and parallel
directions relative to the step array. The ring shape is expected from the 2D character of
surface states in Cu(3 3 5). In Au(23 23 21), the ring-like FS results from the combined effect
of the spectral distribution of the three quantum levels in figure 3, the TWD and the dispersing
background that is visible in figure 3(b) [9]. In both Cu(3 3 5) and Au(23 23 21), we observe
two sets of umklapp rings separated by 2π/d lattice vectors. The relative intensity of the split
rings depends on the photon energy, shifting from the first to the second set of rings as the
photon energy increases. The photon energy-dependent intensity can be explained as due to the
particular Fourier spectrum of the surface state wave function perpendicular to the surface plane.
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Figure 5. Fermi surface measured by photoemission of Au(23 23 21) as a
function of photon energy showing umklapp rings. Due to the larger d value,
distances between the Fermi energy circles are considerably smaller than in
figure 4.
In fact, by scanning hν one probes the different surface state Fourier components that fill up the
L line (see figure 7). On the other hand, photoelectron interference effects provoked by the
step array lead to similar photon energy dependence, such that one cannot separate both effects
[11, 18].
In Cu(3 3 5), the two FS rings are respectively located at the same positions within the surface
Brillouin zone (SBZ), i.e. at π/d and 3π/d (d = 8.6 Å), independent of the photon energy. In
Au(23 23 21) the location of the FS rings is less clear, although we can appreciate a minor upward
shift in both rings along the kx direction for increasing photon energy. Such a behaviour is more
quantitatively analysed in the wave vector plots of figures 6(a) and (b), where kx positions
correspond to the centre of the FS rings of figures 4 and 5, respectively. kz is obtained from
the photoelectron kinetic energy, assuming a free-electron-like final state within the respective
V0 = 13.5 and V0 = 15.2 eV inner potentials for Cu(3 3 5) and Au(23 23 21) [11]. For Cu(3 3 5)
the two set of data points at π/d and 3π/d line up perpendicular to the vicinal surface plane,
indicating that the surface state Fourier spectrum is broadened along such a direction. This is
precisely what we expect for the extended 2D surface state shown in figure 1(b), which appears
modulated along the surface plane. For Au(23 23 21), the umklapp sets of (kx, kz) points seem
not to show a fixed position along the kx axis, as for Cu(3 3 5), but they rather follow the [1 1 1]
direction. Such a behaviour can be explained if the Fourier spectrum is broadened in the direction
perpendicular to the terraces, as expected for QW states like those in figure 1(a). However, due
to the large uncertainty of the data in the kx-direction and the proximity of successive kx = nπ/d
lines (n = 1, 3, 5, . . .), the modulation plane (or wave function symmetry of figure 1) appears
less clearly defined in this case.
Figures 2–6 suggest that the changing nature of the surface state on a vicinal surface appears
to be related to its wave function properties in the perpendicular direction. It has been recently
shown that the surface state wave function becomes very complex in vicinal surfaces due to
significant mixing with bulk states locally, around step edges [16]. It is theoretically shown that
mixing with bulk states is enhanced as the step density increases. Such a wave function evolution
as a function of d can be conveniently understood using the schematic projection shown in
New Journal of Physics 7 (2005) 101 (http://www.njp.org/)
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Figure 6. (kx, kz) plots for Fermi energy states of (a) Cu(3 3 5) and (b)
Au(23 23 21). Data points refer to the centre of the FS rings of figures 4 and
5. In Cu(3 3 5), the points line up perpendicular to the surface plane, whereas
in Au(23 23 21) the two umklapp sets appear tilted with respect to the surface
normal, lining up close to the [1 1 1] direction. The latter is indicated by the solid
blue lines in both cases. These directions would prove a distinct symmetry of the
respective wave function with respect to the surface plane, as depicted in figure 1.
figure 7. The circles represent bulk Fermi surfaces (BFS), i.e. constant energy lines at the Fermi
level for bulk states. Bulk states project onto the surface plane, which is represented by the thick
black line that rotates with the miscut angle. Along this plane, regions of the SBZ where bulk
bands are projected from both sides of the BFS are marked in dark grey, whereas regions with
projection from only half of the BFS are marked in light grey. The L point projection marks the
edge of the SBZ at ±π/d. Due to their 2D character, surface states have a broad spectrum along
L (thin dotted line). The key point is the overlap between the surface state Fourier components
along the L line and projected bulk states at the same energy. On the flat surface of figure 7(a),
the bulk projection leaves a gap at ̄, where the entire surface state Fourier spectrum is found.
By changing the miscut angle, the surface plane rotates and hence the band projection along
the SBZ. At a small miscut, an effective bulk–surface overlap is also possible at the L point via
2π/d step lattice umklapp [4], as shown in figure 7(b). For larger miscuts, as the projected band
gap shrinks, there is an increasing overlap of projected bulk states with surface state Fourier
components from L to . At a given miscut, the gap vanishes and the overlap is complete, and
hence the surface state becomes a resonance, like in figure 7(c).
The schematic description in figure 7 defines critical αc values for the onset of
bulk–surface state overlap with kneck ≈ 2π/d (αc ≈ tan−1 [kneck/2kL]) and gap closing (αc =
tan−1 [kneck/kL]), when surface states completely become resonances. Here kL refers to the L
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(b) α=3.5° (c)  α=11°
Figure 7. Schematic projection of bulk bands around the Fermi energy for vicinal
surfaces with increasing miscut angles α. The ̄ gap of the flat surface in (a) shrinks
in (b), and has already vanished in (c). The reducing size of the gap gives rise
to a progressive surface–bulk overlap along the L line, where surface states are
located. An effective overlap at L can occur via 2π/d umklapp vectors with even
smaller miscuts, as shown in (b).
Table 1. Critical dc values for the onset of the surface–bulk overlap (via 2π/d
vectors) and the ̄ gap closing calculated at the band bottom from the schematic
description of figure 7 for Cu(1 1 1) and Au(1 1 1) vicinal surfaces.
Critical dc at band minimum Cu (Å) Au (Å)
Surface-bulk overlap 33 35
̄-gap closing 17 18
distance in k-space and kneck to the k-distance between the surface state and the nearest bulk band.
The latter depends on the binding energy. Assuming the surface state band in kx = 0 located at
EF − 490 meV and EF − 430 meV forAu and Cu crystals respectively, we can obtain the critical
terrace widths dc given in table 1. Thus, we can establish a transition regime for surface–bulk
mixing from 35 to 18 Å for Au(1 1 1) and from 33 to 17 Å for Cu(1 1 1). Notice, however, that
surface and bulk states can already overlap with smaller miscuts (larger terraces) at the Fermi
energy. In fact, due to their larger effective mass, surface states approach bulk band gap edges
at EF , allowing mixing with bulk states with a slight reduction in the gap size of the flat (1 1 1)
surface.
3. Surface states in Au(8 8 7) and Cu(10 10 11)
In figures 8–11 we explore the surface state properties for vicinal surfaces with relatively large-
step lattice constants d, namely Au(8 8 7) and Cu(10 10 11). The ARPES experiments were
performed at 150 K using monochromatized photons of hν = 21.2, 40.8 and 48.4 eV with
mixed s, p-polarization, emitted by a Gammadata VUV 5000 high-intensity He discharge lamp.
The spectra were recorded by a Scienta 200 angle-resolved hemispherical analyser, with energy
and angular resolutions set to 30 meV and 0.3◦, respectively. Cu(10 10 11) and Au(8 8 7) crystals
New Journal of Physics 7 (2005) 101 (http://www.njp.org/)










































Figure 8. (a) Photoemission intensity plots for Au(8 8 7), taken with
monochromatic emission lines from a He lamp. The photon-energy-dependent
changes have the same nature as those in figures 2–6. (b) EDC spectra for
hν = 21.2 eV, which show two split peaks with smooth dispersion.
have been mounted together with Cu(1 1 1) and Au(1 1 1) surfaces, respectively, such that we
can compare surface states of vicinal and flat surfaces measured under the same experimental
conditions. This is particularly useful to minimize errors in E.
Figures 8 and 9 display photoemission data for Au(8 8 7). The miscut angle for this surface
is α = 3.5◦ and the step lattice constant d = 38 Å. The same crystal orientation was already
analysed in [6], although using a different sample, lower resolution and synchrotron light with
p-polarization. Figure 8(a) shows photoemission intensity plots in a direction perpendicular to
the steps for three photon energies, whereas figure 8(b) contains the EDC spectrum cascade
for hν = 21.2 eV. The intensity plots display dispersing bands and step superlattice folding
effects. The latter actually allows one to obtain a more accurate estimate of the experimental
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Figure 9. (a) Second derivative image plot for the EDC spectra of figure 8(b).
The solid lines are 1D KP bands calculated from equation (1) for a finite
U0b = (2.2 ± 0.5) eV Å barrier strength at the step edge. The KP gap between
the first two bands (91 meV) is also visible in the image. (b) Surface state spectra
from Au(1 1 1) and Au(8 8 7) at their respective band bottoms. Both have been
taken under the same experimental conditions and normalized by the Fermi-edge
intensity.
lattice constant d = 39 Å. The strong superlattice umklapps prove the quality of the step array in
this sample. Indeed, due to the herring bone-like reconstruction of (1 1 1) terraces, the Au(8 8 7)
surface is characterized by a sharp TWD [6, 11]. In the image plots of figure 8(a), we can observe
a strong intensity modulation along kx, as well as an overall intensity shift to higher kx as hν is
increased. Such variations have the same nature as those observed in figures 4 and 5, i.e. they
reveal both final state diffraction effects and surface state Fourier composition.
As observed in Au(23 23 21), image plots can hide, within the free-electron-like parabolic
backgrounds, a richer band structure. The latter is better observed in both the EDC spectra of
figure 8(b) and the corresponding second derivative image plot of figure 9(a). The EDC spectra
show two split peaks that follow a smooth dispersion, which is accurately traced in figure 9(a).
Earlier experiments carried out for the same surface revealed two non-dispersing QW levels in
a direction perpendicular to the steps [6]. In the present case, the improved energy and angular
resolution allows one to observe slightly dispersing mini-bands along the SBZ. The solid lines
in the second derivative plot represent the 1D KP bands derived from equation (1) that best fit
the whole set of mini-bands. As observed in the second-derivative image, a 91 meV energy gap
between the lowest two bands is opened. The KP bands have been generated using m∗ = 0.255m0,
d = 39 Å and E0 = EF − 490 meV, where the latter binding energy value has been measured
for Au(1 1 1) under the same experimental conditions. The KP fit gives U0b = (2.2 ± 0.5) eV Å
for the barrier strength, a slightly higher value than those obtained in Au(1 1 1) and Cu(1 1 1)
vicinal surfaces with smaller step lattice constants d ([11], see also figure 12).
Figure 10 shows STM and ARPES experiments for Cu(10 10 11). In this case the miscut is
α = 2.6◦ and the step lattice constant d = 45 Å. The STM analysis of figure 10(a) indicates a
noticeable variation of the terrace width, which is in turn a consequence of the relatively weak
step–step interaction in vicinal Cu(1 1 1) [7, 11, 12]. The Gaussian fit to the histogram gives
d = (43 ± 11) Å, and standard deviation d/d = 0.25, i.e., more than double of that obtained
New Journal of Physics 7 (2005) 101 (http://www.njp.org/)
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Figure 10. (a) STM image and histogram analysis for Cu(10 10 11). The latter
gives a relatively large σ = 0.25 terrace width broadening. (b) Photoemission
intensity plots perpendicular to the steps for Cu(10 10 11) showing parabolic
dispersion and photon-energy-dependent band folding with the reciprocal lattice
constant d.
in Au(8 8 7) [11]. Although such a large TWD might cause a significant spectral broadening
[12, 13], we can still observe weak photon energy-dependent umklapps. However, the second
derivative image taken with hν = 40.8 eV, which is shown in figure 11(a), does not allow one
to resolve mini-bands, as in figure 9(a). We can still obtain an estimate of the strength of the
confining barrier in Cu(10 10 11) from the shift of the surface band bottom with respect to the flat
Cu(1 1 1) surface, as done for Cu(3 3 5). Photoemission spectra at the band bottom for Cu(1 1 1)
and Cu(10 10 11) are shown in figure 11(b). The position of the surface state in Cu(10 10 11)
is shifted by E = (30 ± 5) meV towards the Fermi level, which immediately converts into
U0b = (3.0 ± 1.0) eV Å by using equation (4), i.e. higher than Au(8 8 7), but still lower than
Au(23 23 21).
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Figure 11. (a) Second derivative image plot for the hν = 40.8 spectra of
figure 10(b). KP bands and gaps cannot be resolved due to terrace broadening.
(b) Surface state spectra from Cu(1 1 1) and Cu(10 10 11) taken at their respective
band bottoms under the same experimental conditions, and normalized by the
Fermi-edge intensity.























Terrace width d (Å)
Figure 12. Evolution of the step barrier strength U0b as a function of d for
Cu(3 3 5), Au(8 8 7), Cu (10 10 11) and Au(23 23 21) (filled circles, from left to
right), and Cu(2 2 1), Cu(3 3 2), Cu(4 4 3), and Cu(6 6 5) (open circles, from left
to right) taken from [7, 13]. The shaded area marks the surface state/resonance
transition region from table 1.
4. Conclusions
Cu(3 3 5) andAu(23 23 21) are two extreme cases of vicinal (1 1 1) noble metal surfaces, revealing
2D surface states and 1D quantum levels, respectively. Au(8 8 7) and Cu(10 10 11) are interesting
examples of surfaces with an intermediate step lattice constant. For these two surfaces, high-
resolution ARPES experiments display the same overall features of all vicinal surfaces, namely,
significant surface band changes with respect to the flat (1 1 1) surface and photon-energy
dependent superlattice band folding. Au(8 8 7) clearly displays dispersing bands with relatively
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large step-potential gaps. Surface band changes can be analysed within a 1D periodic KP potential
giving consistent values of the barrier strength U0b. In contrast, the photon-energy-dependent
analysis is limited to a restricted number of energies, such that the wave function symmetry with
respect to the surface plane, as defined in figure 1, cannot be properly determined.
The evolution of the step barrier as a function of d is shown in figure 12 (filled circles) for
the different cases analysed in this work. The open circles correspond to U0b values for Cu(2 2 1),
Cu(3 3 2), Cu(4 4 3) and Cu(6 6 5), directly determined from the band bottom shift (equation (4))
with respect to Cu(1 1 1) at 300 K, and using data from [7, 12, 13]. The uncertainties in U0b are
connected to the TWD in each case (error bars in the horizontal axis). For the literature data,
we have assumed a constant σ = 0.25 as the standard deviation [7, 11, 12]. For Au(23 23 21)
we represent the minimum barrier strength, as explained before. The shaded area of the figure
indicates the surface-state-to-bulk resonance transition region calculated in table 1. Within the
error bars, we observe a minimum value of U0b in the middle of such a transition region. Around
this transition region, the barrier displays a slight increase for smaller d and a sharp rise beyond
d = (35–40) Å. The increasing barrier strength for high-step densities, which has been also
shown in previous analysis [11], might not have physical sense. At very large miscut angles, the
surface state is expected to evolve towards the M̄ surface state of the (1 0 0) surface (α = 55◦)
near EF [19, 20], and it is entirely determined from the features of the L-neck gap projected at
M̄ [21]. On the other hand, the barrier strength significantly increases for d > 40 Å, i.e. beyond
the edge of the transition region at ∼35 Å. However, we notice that TWD-related error bars enter
the shaded area for both Au(8 8 7) and Cu(10 10 11), such that data points for these surfaces are
partially located beyond the surface–bulk mixing threshold of table 1. Taking this into account,
figure 12 generally proves the projection scheme in reciprocal space depicted in figure 7, i.e. the
step barrier changes due to the progressive overlap between surface and bulk states.
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